Astaxanthin is a keto-carotenoid produced in some bacteria and algae, which has very important industrial applications (i.e., in cosmetics, coloring additive in aquaculture and as a dietary supplement for human). Here, we analyzed the molecular basis of Astaxanthin-mediated prolongevity in the model organism, Caenorhabditis elegans. The increased lifespan effects of Astaxanthin are restricted in C. elegans to the adult phase and are uninfluenced by various other carotenoids tested. Genetic analyses indicated that the Astaxanthin-mediated life-extension relies on mitochondria activity, via the Rieske iron-sulfur polypeptide-1 (ISP-1), but is not influenced by the functions of other known longevity-related gene-loci, including CLK-1, DAF-2, DAT-16, EAT-2, GAS-1 GLP-1 or MEV-1. Biochemical analyses of native respiratory complexes showed that Astaxanthin affects the biogenesis of holo-complex III (and likely supercomplex I+III, as well). Effects on holo-CIII assembly and activity were also indicated by in-vitro assays, with mitochondria isolated from worms, rodents, human and plants, which were treated with Astaxanthin. These data indicated a cross-species effect on the oxidative phosphorylation (OXPHOS) machinery by the carotenoid, and provide with further insights into the molecular mechanism of animals longevity extension by Astaxanthin.
Introduction
The nematode Caenorhabditis elegans is a leading model organism for studying the biology of aging, and for identifying new pharmacological targets for extended longevity and the treatment of aging-related diseases in animals (Chen et al. 2014) . Genetic studies indicated to three major aging-related mechanisms in C. elegans. These include the insulin pathway, the dietary restriction system, and the mitochondrial respiration system, which were all shown to affect the lifespan of worms and other animals (Amrit et al. 2014 , Collins et al. 2008 . Noteworthy, the majority (>80%) of the C. elegans proteome was shown to share homology with known human genes (Henricson et al. 2004 , Lai et al. 2000 , thus suggesting common aging-related mechanisms between C. elegans and human.
Among the key factors that affect longevity in worms is oxidative damage, generated by reactive oxygen species (ROS). Induced ROS level was shown to induce early aging in various animals and plants (Paital et al. 2016 , Singh et al. 2016 . Consequently, strong antioxidants as resveratrol, coenzyme Q10 (ubiquinol or 2,3-dimethoxy-5-methyl-6-decaprenyl benzoquinone) and carotenoids as Astaxanthin can extend the lifespan of C. elegans, presumably by scavenging ROS and lowering the levels of oxidative stress (Chen, et al. 2014) .
Carotenoids comprise a large class of natural antioxidant pigments that are synthetized and accumulate in photosynthetic organisms, various bacteria and some fungi (Cazzonelli 2011 , Rodriguez-Concepcion et al. 2018 . These isoprenoid compounds are also essential components of the photosynthetic machinery, and are associated with anti-oxidative reactions in bacteria, fungi, algae and plants. In animals, carotenoids that are consumed from the food play important roles in the antioxidant defense mechanism (Fiedor and Burda 2014). Astaxanthin (i.e., 3, is an orange-red pigment containing 13 conjugated double bonds ( Supplementary Fig. S1 ). As other carotenoids, Astaxanthin is a lipid-soluble pigment, which has self-limited absorption orally, with no known toxic syndromes (Barros et al. 2014) . Astaxanthin is naturally produced by some marine bacteria, algae and plants. Many red-colored marine animals (e.g., salmons, shrimps) and a few bird species (e.g., flamingo) obtain the Astaxanthin orally, through the food chain (Ambati et al. 2014) . As a strong antioxidant, Astaxanthin was utilized as a common antioxidant agent and as a dietary supplement, intended for human, animal and aquaculture consumption. Astaxanthin has been implicated in numerous health benefits in humans, including reduction in cardiovascular diseases, enhancement of the immune response and reduction in the occurrence of various cancers. (Ames 2018 , Zhang and Wang 2015 , Zhang et al. 2016 . Astaxanthin is effects in the presence of the carotenoid on the lifespan extension. Among of the longevityassociated pathway in C. elegans is the DAF-16/DAF-2 insulin pathway (Lin et al. 2001) . We noticed that similarly to the-wild-type animals, Astaxanthin caused an (additional) increase in the lifespan of the daf-2 (e1370) (P-value = 0.001) and daf-16 (mu86) (P-value = 0.000046) mutant animals (Fig. 2) . Similarly, feeding C. elegans glp-1 (or178) mutants (Libina et al. 2003, TeKippe and Aballay 2010) with Astaxanthin resulted in additional extension of the lifespan (P-value = 0.000024, Fig. 2 ). We therefore concluded that Astaxanthin effect on C. elegans lifespan are independent of the insulin/IGF signaling pathway. Another well-characterized pathway of lifespan extension involves dietary restriction (Lakowski and Hekimi 1998) . Here too, feeding eat-2 (ad1116) mutant animals with Astaxanthin resulted with an extended lifespan (P-value = 0.011, Fig. 2) , indicating that Astaxanthin effect on C. elegans lifespan are also independent of the dietary restriction mechanism.
In addition to the insulin/IGF signaling and dietary restriction pathways, life-extending in animals also involves the mitochondrial respiration system (i.e., mitochondrial dysfunctions resulting with extended lifespan) (Murakami and Murakami 2005) . It is postulated that mutations in genes encoding components of the mitochondrial electron transport chain (ETC) lower the levels of ROS and thereby may increase the lifespan of the animals (Murakami and Murakami 2005) . Electron leakage from complex III is suggested to be a major contributor to the generation of ROS within the mitochondria (Brand 2010 , Chen et al. 2003 , Quinlan et al. 2013 . To test whether reduced respiration activities may influence the prolongevity-mediated effects by Astaxanthin, we analyzed the lifespan of C. elegans mutants in genes encoding respiratory-related proteins. Mutants in the Rieske iron-sulfur protein (RISK) of complex III (i.e., isp-1 mutants, also denoted as qm150), showed reduced (shortened) lifespan when they were treated (fed) with Astaxanthin (P-value = 0.000011, Fig. 2 ). These results strongly suggest that the Astaxanthin-mediated longevity effects involve complex III. The effects of Astaxanthin on the lifespan was further analyzed in C. elegans mutants affected in other mitochondrial proteins. CLK-1 encodes a demethoxyubiquinone hydroxylase enzyme required for ubiquinone biosynthesis. C. elegans clk-1 mutants show a pleiotropic phenotype that includes slowed development and aging (Branicky et al. 2006 ). However, the data showed that Astaxanthinmediated longevity was not affected in the clk-1 (e2519) animals (P-value = 1.1 x 10 -7 , Fig. 2 ).
Feeding C. elegans gas-1 (fc21) (affected in complex I) or mev-1 (kn1) (affected in complex II) mutants with Astaxanthin, resulted with mild extensions in longevity (P-values 0.0024 and 0.2831, respectively). Taken together, these data indicate that the Astaxanthin-extended lifespan effects we see in C. elegans rely on the level or activity of respiratory complex III, and maybe to some extend on other respiratory-mediated functions.
Astaxanthin affects the biogenesis of the native respiratory complex III, in vitro
The Astaxanthin-mediated effects we see suggest that Astaxanthin increases the lifespan of C. elegans by influencing the biogenesis or function of the respiratory system via CIII and maybe CI and CII as well (Fig. 2) . To analyze whether Astaxanthin directly affect the biogenesis or activities of these respiratory complexes, we used in vitro analyses with crude mitochondria preparations (i.e., 'in-organello' assays), obtained from both animals and plants. These include C. elegans, rodents, human and cauliflower mitochondria (Brassica oleracea var. botrytis) (see Materials and Methods) . For this purpose, Astaxanthin was extracted from the algae Haematococcus pluvialis, solubilized in 5% DMSO and then incubated with the mitochondria for 30 min on ice. The integrity of native respiratory complexes in C. elegans, cauliflower, rodents and human, was investigated by BN-PAGE analyses ( Fig. 3 and Fig. S5 ). Figure 3A shows the effects of increased Astaxanthin concentrations (i.e., 0, 9 and 14 M) on native respiratory complexes in animal mitochondria. A decreased level of a highmolecular mass band (about 500 kDa), which we expected to corresponds to a native complex III dimer (i.e., holo-CIII2), was observed in C. elegans mitochondria treated with Astaxanthin.
Notably, this Astaxanthin-mediated reduction in the ~500 kDa band, was followed by the appearance of a ~350 kDa band, which may corresponds to a partially disassembled CIII particle (i.e., CIII*). BN-PAGEs of crude mitochondria preparations obtained from rodents and human treated Astaxanthin showed the same patterns (i.e., reduced intensities of the ~500 kDa complex and an accumulation of ~350 kDa particles) ( Fig. 3A) . To analyze whether similar effects may occurs in vivo, we analyzed the integrity of respiratory complexes in C. elegans fed with Astaxanthin. For this purpose, young adult worms were grown for 7 days in the presence of wild-type P. marcusii, washed several times to remove bacterial contaminants and crude mitochondria preparations were obtained, essentially as described previously (Grad, et al. 2007 ). Organellar proteins from E.coli (-Asta) and P. marcusii (+Asta) fed C. elegans were separated by under native conditions. The BN-PAGE assays indicated that the absorption or uptake of Astaxanthin (Fig. S4 ) also resulted with a reduction in the 500 kDa band and the accumulation of the 350 kDa particles (Fig. S5 ).
We next analyze the effects of Astaxanthin on mitochondria isolated from cauliflower inflorescences, as this tissue allows the purification of large quantities of highly-pure mitochondria preparations (Keren, et al. 2009 , Neuwirt, et al. 2005 , Sultan, et al. 2016 .
Mitochondria respiratory complexes were then separated by BN-PAGE analysis ( Fig. 3B and Supplementary Fig. S6 ). Arrows indicate to native respiratory complexes CI (~1,000 kDa), a CIII dimer, (CIII2, about 500 kDa), CIV (~220 kDa) and CV (~600 kDa) in cauliflower mitochondria. In plant's mitochondria as well, the addition of Astaxanthin led to a notable reduction in the levels of the 500 kDa corresponding to CIII2, followed by the accumulation of a lower (about 300 kDa band) corresponding to sub-CIII particle (CIII*) (Fig. 3B) . These were correlated with the levels of Astaxanthin added to the isolated mitochondria ( Fig. 3C ). BN-PAGEs followed by immunoblot analyses with antibodies raised to RISP subunit (iron-sulfur protein of complex III), indicated that both the ~350 kDa and 500 kDa particles contain RISP ( Fig. 3 and Fig. S6 ), strongly supporting that these particles correspond to holo-CIII2 and sub-CIII*. The Astaxanthin-mediated effects (i.e., decreased CIII2 levels and increased amounts of the 350 kDa band) seem specific to Astaxanthin, as mitochondria treated with DMSO alone had no obvious effects on the levels or integrity of respiratory complexes I, III and V in cauliflower mitochondria ( Fig. 3B) , while the addition of -Carotene or Zeaxanthin had no obvious effects on the integrity of the organellar complexes ( Fig. S5B ). Mass-spectrometry (LC-MS/MS) analyses of gel slices corresponding to holo-CIII2 (upper band) and CIII* particles (lower band) obtained from human (Table S3 ) and plant (Table S4 ) mitochondria, indicated the presence of numerous subunits of CIII (see Table 2 ). The LC-MS/MS data also indicated the presence of many other peptides that are corresponding to CI (mainly), CIII, CIV, CV and various other known mitochondrial proteins. These may be associated with the CIII particles. However, it is anticipated that these proteins rather correspond to various sub-particles of respiratory complexes that are migrating with similar masses to those of the holo-CIII2 and CIII*, as only the immunoblots with RISP analyses indicated a correlation with the reduction in the CIII dimmer and to increased levels of the lower (350 kDa) band (Figs. 3C and S6) . As indicated by immunoblots, the presence of RISP protein in the holo-CIII2 and CIII* of both human and cauliflower mitochondria, was also supported by the LC-MS/MS data (Table 2 and   Supplementary Tables S3 and S4 ).
In addition to CIII, Astaxanthin may also affects the accumulation of CI (using anti-CA2 antibodies) and the ATP-synthase (CV, anti-ATPA antibodies) in cauliflower mitochondria ( Fig. 3C and Fig. S6 ). BN-PAGE analyses followed by immunoblots corresponding to CI (with anti-CA2 antibodies) and ATP-synthase (CV, anti-ATPA antibodies) indicated to reduced holo-CI (~1,000 kDa) and a ~1,500 kDa particle, corresponding to a 'supercomplex' containing CI and CIII2 (i.e., CI+CIII2), which was also apparent in the immunoblots with anti-RISP antibodies (Figs. 3C and S6) . Yet, the pigment has no obvious effect on the levels and biogenesis of the native complex V ( Fig. 3C and Fig. S6 ).
The steady-state levels of various mitochondria proteins in Astaxanthin-fed C. elegans was assayed by immunoblot analyses, with antibodies generated to various respiratory complexes, including CI (C25H3.9), CIII (ISP-1), CIV (CTC-1) and CV (ATP-5) and cytochrome C (CYC-1) (see Table S2 ). In each assay, the steady-state levels of different proteins in the Astaxanthin-fed animals were compared to those of untreated wild-type animals of the same age at different total protein loadings (i.e., 0.15 up to 1.5 times) (Fig. 4) . The levels of various mitochondrial proteins, including C25H3.9 (CI), CTC-1 (CIV) and ATP-5 (CV) did not changed significantly between the control and Astaxanthin-fed animals or the C. elegans isp-1 mutants (Fig. 4B) . A reduction in the signal of cytochrome C (CYC-1) was observed in C. elegans isp-1 mutants, but not in animals fed with Astaxanthin. We also noticed a notable reduction in RISP signals in both isp-1 animals and wild-type C. elegans fed with Astaxanthin.
While a reduction in RISP is expected in the case of the isp-1 mutant-line ( Fig. 4 , ISP-1 panel), it remains unclear why a notable reduction in RISP is seen in animals fed with Astaxanthin, whereas the protein remains intact in the 'in organello' assays. A reasonable explanation is that when the worms are fed with Astaxanthin they undergo continues disassembly of CIII (or the suppercomplex of CI-CIII). Under these conditions, various complex III (and possibly CI) subunits, including the RISP protein, may become more susceptible to proteolysis by organellar proteases and peptidases, while much lower degradation rates are expected under the in vitro conditions (i.e., short incubations on ice).
C. elegans treated with Astaxanthin display altered respiratory functions
Analyses of native mitochondrial complexes, using denaturing PAGE profiles, suggested to alter CIII and maybe CI biogenesis in C. elegans fed with Astaxanthin. To determine whether the respiratory activity was affected in animals fed with Astaxanthin, we monitored the oxygen (O2) uptake rates of non-treated versus Astaxanthin-fed wild-type C. elegans and isp-1 mutants, using a Clark-type electrode (Hansatech Instruments, Norfolk, UK) . For this purpose, synchronized late L4 worms were collected and washed several times with M9 buffer. Oxygen consumption was monitored in the worms in a sealed chamber (see e.g., (Cohen et al. 2014 , Keren, et al. 2012 , Shevtsov, et al. 2018 , Zmudjak et al. 2013 . Each respiration chamber contained 250 µl of packed C. elegans suspension diluted 10 times in M9 buffer. These measurements indicated that C. elegans fed on Astaxanthin and the isp-1 mutants have reduced respiration activities (i.e., 15.03 ± 3.03 and 14.33 ± 2.88 nmol O2·min -1 ·mg -1 total protein), 15 respectively, compare to those of the non-treated wild-type animals (i.e., 28.83 ± 3.07 nmol O2·min -1 ·mg -1 total protein) ( Fig. 4) .
Here, we also measured the O2-uptake rates in the presence of various inhibitors, including Rotenone (Rot), which inhibits complex I electron transport, the complex III inhibitor Antimycin A (Anti A) and Potassium cyanide (KCN) that blocks electron transport from complex IV to oxygen. As shown in Figure 4 , both Rot and Anti-A have noticeable effects on the respiratory activities of the non-treated wild-type, compared to those of isp-1 mutant or C. elegans fed with Astaxanthin (55% ± 2.95 and 66% ± 0.70 compared to 34% ± 0.99 O2·min -1 ·mg -1 total protein, respectively). In contrast, KCN had similar effects on the O2-uptke rates of wild-type worms, worms fed on Astaxanthin and the isp-1 mutants (85% ± 5.18 and 90% ± 2.35, and 95% ± 0.19, O2·min -1 ·mg -1 total protein, respectively) ( Fig. 4) . These results further indicate to altered respiratory CI-and CIII-mediated activities.
Astaxanthin inhibits enzymatic activities of mammalian complexes I and III.
The BN-PAGE ( Fig. 3 and Suppl. Figs. S4-S6), LC-MS/MS (Table S4 ) and the respiration activity data (Fig. 4) indicate that Astaxanthin has a strong effect on the biogenesis and functions of CIII, and presumably affects CI and the supercomplex I+III, as well. These data were further supported by analyses of the enzymatic activities of native respiratory complexes in the presence or absence of Astaxanthin. Table 1 shows the effects on the respiratory functions of mitochondrial complexes isolated from mouse heart that were pre-incubated with DMSO alone (Mock) or with purified Astaxanthin dissolved in DMSO (see Materials and Methods).
The biochemical assays indicated to significant decreases in the activities of both complexes I and III. The inhibitory effect of Astaxanthin was even more pronounced in enzymatic activity assays of CI+CIII, which approached the respiratory assay sensitivity limits. These analyses also indicated that complexes II, IV and citrates synthase enzyme where not, or only slightly, affected by the addition of Astaxanthin to animals mitochondria.
Discussion
The nematode Caenorhabditis elegans is a well-established animal system to study organismal aging, and for the characterizing and identifying new drugs that can extend lifespan and improve the quality of old age in animals. Here, we used C. elegans to study the molecular basis of the anti-aging effects of Astaxanthin consumed by various organisms. Our results show that Astaxanthin extends C. elegans lifespan by 20%-40%. The effects on the life span seem specific to Astaxanthin, as other carotenoids tested here, including Zeaxanthin and Lycopene had no lifespan extension effects. In addition, the anti-aging role of Astaxanthin had no obvious effects on the reproduction, age pigmentation and locomotion of the animals. The life-extension phenotype, induced by Astaxanthin, relies mainly on isp-1 mutants that are affected in mitochondria respiratory complex III, but not on gas-1 (complex I) and clk-1 (ubiquinol biosynthesis), nor on other aging-related pathways (i.e., the insulin/IGF-1 and dietary restriction pathways), as indicated by lifespan measurements of daf-2/daf-16, eat-2 or glp-1 mutants fed with Astaxanthin.
Remarkably, Astaxanthin added to isolated mitochondria causes a reduction in the levels of holo-complex-III2 and suppercomplex I+III, and to the appearance of lower molecularmass particles that correspond to sub-CIII particles. Accordingly, BN-PAGE and LC-MS/MS analyses indicated the presence of various CIII subunits in both the high and lower mass particles. The presence of various complex I subunits in these gel-bands, may relate to the strong association of complexes I and III, which together with complex IV also form a stable supercomplex known as the Respirasome (I1III2IV1) (Schafer et al. 2006 ). Alternatively, it remains possible that sub-complex I, IV and V (natively formed or disassemble during mitochondria preparations or gel-run) may migrate with similar masses under the experimental conditions. Together, these analyses indicate that Astaxanthin affects the assembly or biogenesis of complex III and the CI-CIII2 suppercomplex, whose functional roles and assembly are under investigation (Signes and Fernandez-Vizarra 2018). As CIII biogenesis / disassembly are observed in both animal and plant mitochondria (Figs. 3, S5 and S6) , the data imply to a universal effect caused by Astaxanthin to CIII, in all eukaryotes.
Reduced accumulation of CIII is expected to affect the respiratory functions of C. elegans cells fed with Astaxanthin. The O2-uptake rates of worms fed on Astaxanthin or isp-1 mutants were reduced by about 2x folds (Fig. 5 ), compared to those measured in the non-treated (control) C. elegans. Similarly, the oxygen consumption of Astaxanthin-treated mitochondria, isolated from mouse cells was lowered by more than 50%, and to reduced activities of the respiratory complexes I and III. Currently, it remains unclear how Astaxanthin affects the assembly or biogenesis of complex III in plants and animals. It is possible that Astaxanthin interacts with complex III and thereby interfere with the assembly process or destabilizes the integrity of the native complex. Due to its skeletal properties (long polyene chain as well as two oxygenated β-ionone-type rings), Astaxanthin seems to share some chemical equivalents with ubiquinol (contains a single benzylquinone head-group ring). Astaxanthin may therefore interfere with the association of ubiquinol with CIII, affecting RISP stability, the assembly state of the holo-CIII or the integrity of the CI-CIII2 suppercomplex. Another possible effect of Astaxanthin may involve cardiolipin, a unique phospholipid that is an important component of the inner-mitochondrial membrane. Crystal structures show that cardiolipin (CL) is tightly associated with CIII in vivo (Lange et al. 2001) and affects the assembly of various respiratory complexes (Paradies et al. 2014) . The absorbtion of Astaxanthin (in vivo or in vitro) may interfere with the association of CL with CIII and thereby affects its biogenesis and function.
However, such speculations require further investigation.
At this point, it is also not clear to us why RISP was reduced in C. elegans fed with Astaxanthin, but seem to remained intact in the 'in organello' assays of mitochondria treated with Astaxanthin ( Figs. 3 and S4 ). The data indicate that Astaxanthin affects the assembly of CIII, as evident by the appearance of lower molecular mass particles corresponding to sub-CIII particles in the mitochondria. Disassembly of CIII is expected to affect the stability of various CIII subunits, including RISP, leading to their degradation over time, whereas under in organello assays (i.e., short incubations on ice; see Materials and Methods), RISP (or various other CIII subunits) remain intact and are less prone for degradation by the organellar proteases.
Mitochondria are major sites for energy metabolism and ATP production in eukaryotic cells, through the oxidative phosphorylation pathway. In light of the expected significance of mitochondria functions to animal and plant physiology, why does the reduced CIII activity and level in Astaxanthin-fed animals or the isp-1 mutants results with an extended life span?
Currently, we cannot provide a definitive explanation, but we speculate that these phenotypes relate to reduced mtROS production. ROS are known to induce oxidative damages of fatty acyl chains of membrane lipids, by 'lipid-peroxidation ' (Tsuchiya et al. 1994) . Altered membrane integrity has many pathological consequences in human, such as neurological diseases, inflammations, diabetes, cancer, and aging. Astaxanthin is a strong antioxidant that was recently suggested to reduce mtROS protection in C. elegans and other animals (Kuraji et al. 2016 , Liu, et al. 2016 , Wu et al. 2015 . Our data indicate to an additional mechanism by which Astaxanthin affects the life span of animals. The association of Astaxanthin with CIII destabilizes the native complex, resulting with lower molecular mass CIII intermediates and reduced respiration. Lowered respiration activities are likely associated with reduced rates of 'toxic' electron leakage from complex III, a major contributor to the generation of mtROS (Brand 2010 , Chen et al. 2003 , Quinlan et al. 2013 , and thereby can protect the cells (and organelles) from oxidative damages. Accordingly, the aging related mechanism through mitochondria activities have been previously related to ROS production (Murakami and Murakami 2005, Quinlan, et al. 2013) .
In summary, our data provide with novel insights into the molecular mechanism of longevity extension mediated by Astaxanthin in C. elegans. Biochemical and genetic studies indicate that Astaxanthin affects complex III biogenesis and activity, and may increases longevity by protecting the animal cells against ROS and oxidative stresses, due to complex III-associated 'electron leakage' during respiration. These effects may be universal among different eukaryotes, as similar effects on CIII biogenesis or assembly were noted in plants, warms, rats and human. Our data may also become useful for the development of multi-target drugs designed to CIII in order to prolong the lifespan of animals.
Wu, H., Niu, H., Shao, A., Wu, C., Dixon, B.J., Zhang, J., Yang, S. and Wang, Y. (2015) Astaxanthin as a Potential Neuroprotective Agent for Neurological Diseases. Survival curves of nematodes mutated in genes that regulate lifespan through different pathways supplemented with Astaxanthin. Worms mutated in the daf-2(e1370), daf-16(mu86), eat-2(ad1116), glp-1(or178), isp-1(qm150), mev-1(kn1), gas-1(fc21) or clk-1(e2519) were fed with P. marcusii (produce Astaxanthin, red), P. marcusii ΔcrtB mutant (lacks carotenoids, blue).
Nematode survival was calculated with the Kaplan-Meier method (Goel, et al. 2010) , and differences in survival rates were tested for significance using the log-rank test (Mantel 1966), with appropriate correction for multiple comparisons OASIS-2. wild-type C. elegans at different concentrations, C. elegans fed with Astaxanthin (+Asta), and C. elegans isp-1 mutant-line. Antibodies against NUFB5 (a subunit of the mitochondrial NADH dehydrogenase (ubiquinol) of the mitochondrial complex I (ortholog in C. elegans is termed as C25H3.9), Rieske iron sulphur protein (ISP-1) subunit of the mitochondrial complex III, COX1 (cytochrome c oxidase subunit 1) of the mitochondrial complex IV (the ortholog in C. elegans is termed as CTC-1), ATP5A (ATP synthase subunit alpha subunit) of mitochondrial complex V (the orthologue in C. elegans is ATP-5), and Cyt C (cytochrome c reductase; the ortholog in C. elegans is CYC-1), were used in immunoblotting assays. (B). SDS-PAGE followed by Coomassie staining of isolated mitochondria from C. elegans fed with Astaxanthin (+Asta). Controls included crude mitochondria isolated from wild-type C. elegans that were not fed with Astaxanthin, and mitochondria isolated from the C. elegans isp-1 mutant-line.
Figure 5. Respiration activities in C. elegans wild-type and isp-1 mutants fed with
Astaxanthin. O2-uptake rates of wild-type, Astaxanthin-fed animals and isp-1 mutants were analyzed with a Clark-type electrode as described previously (Cohen, et al. 2014) . For each assay, equal amounts of dense packed worms from 5 different plates were submerged in 2.25 mL M9 buffer and applied to the electrode in a sealed glass chamber in the dark. O2-uptake rates were measured in the absence (Control) Table S1 . Carotenoid composition in bacterial strains used in this work. Table S2 . List of antibodies used for the analysis of astaxanthin effects on C. elegans lifespan. Table S3 . Mass-spectrometry (MS) of the ~500 kDa (higher) and ~350 kDa (lower) particles in human mitochondria treated with Astaxanthin. Peptides highlighted with orange color indicate to CI subunits, in blue CII subunits, in red CIII subunits, in green CIV subunits, in yellow CV (i.e., ATP-synthase). Astaxanthin, at various concentrations (as indicated in the blots), was added to cauliflower mitochondria. The mitochondrial complexes were then separated by BN-PAGE, and the gel was stained by Coomassie brilliant blue. Antibodies raised against CA2 (Carbonic anhydrase subunit 2) and ATPA (ATP synthase subunit alpha) were used to assay the levels and integrity of the organellar complexes. The positions of the native CI (~1,000 kDa), CV (about 600 kDa) and supercomplex I+III are indicated. Note=Colocalizes, during muscle differentiation, with BIN1 in the T-tubule system of myotubules and at the site of contact between two myotubes or a myoblast and a myotube. Wounding of myotubes led to its focal enrichment to the site of injury and to its relocalization in a Ca(2+)-dependent manner toward the plasma membrane. Colocalizes with AHNAK, AHNAK2 and PARVB at the sarcolemma of skeletal muscle. Detected on the apical plasma membrane of the syncytiotrophoblast. Reaches the plasmma membrane through a caveolin-independent mechanism. Retained by caveolin at the plasmma membrane (By similarity). Colocalizes, during muscle differentiation, with CACNA1S in the T-tubule system of myotubules (By similarity). Accumulates and colocalizes with fusion vesicles at the sarcolemma disruption sites (By similarity Supplementary Table S4 . Mass-spectrometry (MS) of the ~500 kDa (higher) and ~350 kDa (lower) particles in cauliflower mitochondria treated with Astaxanthin. 
